We proposed and developed a photoacoustic (PA) dermoscope equipped with an integrated PA probe to achieve quantification and high-resolution, high-contrast deep imaging of human skin. The PA probe, with light-sound confocal excitation and reception, is specially designed, and integrated with an objective lens, an ultrasound transducer, and an inverted-triangle coupling cup to facilitate convenient implementation in a clinical setting. The PA dermoscope was utilized for noninvasive and high-resolution imaging of epidermal and dermal structure in volunteers. The imaging results demonstrated that the characteristic parameters of skin disease, including pigment distribution and thickness, vascular diameter, and depth, can be obtained by the PA dermoscope, confirming that PA dermoscopy can serve as a potential tool for the diagnosis and curative effect evaluation of human skin disease. 
Introduction
Currently, there are several techniques used for imaging human skin in vivo [1] . In usual practice, biopsy and optical dermoscopy are used to evaluate and analyze skin diseases. However, biopsy is inherently invasive, and can only provide information within a very limited portion of a lesion [2, 3] . Whereas optical dermoscopy assessment serves for a rough classification of a skin lesion, it cannot faciliate accurate diagnosis of pathological types since skin thickness varies between patients, and the distribution of skin thickness varies within a single lesion. Consequently, errors can arise in assigning a single treatment scheme to a heterogenous pathology. Optical coherence tomography (OCT) can produce high-resolution images of skin structure and roughly map microvascular malformations [4, 5] , but pure optical imaging of human skin still suffers from limitations arising from biological light scattering [6, 7] . Moreover, due to its contrast principle, optical coherence images of hair follicles, sweat glands and sebaceous glands may be misjudged as lesion vessels within the dermis. Though ultrasonography can image up to several centimeters beneath the skin, the small differences in acoustic impedance between skin components lead to low imaging contrast, such that blood vessels of diameters less than several hundred microns are difficult to distinguish [8] . Owing to these factors, over-treatment and under-treatment frequently occur in clinical skin treatment (such as port wine stains, pigmentation, tumors etc.), which can result either in serious skin injury and aggravation of illness, or insufficient response, necessitating repeated treatments [9, 10] . Therefore, it is critical to develop a noninvasive, high-resolution technique with enough imaging depth for revealing skin structure as well as lesion parameters to aid in making accurate classifications, optimizing treatment plans, and evaluating therapies.
A hybrid technique-photoacoustic imaging (PAI)-has been proposed as a potentially superior medical imaging modality [11] [12] [13] , that combines the strong points of ultrasonic and optical imaging, thus affording images with high resolution and high optical-absorption contrast extending into deep tissue. In PAI, an externally applied laser light with nanosecond pulses is used to illuminate biological tissues. Deeply penetrating laser energy is absorbed by chromophores within tissues, which subsequently undergo rapid thermoelastic expansion and consequently generate an ultrasonic signal. PAI can provide a volumetric image of tissues by reconstructing a source map of the detected ultrasonic signal. The image resolution and imaging depth limit is scalable with the ultrasonic frequency and the range of diffuse photons in tissue. With these attributes, PAI has come to be widely applied in bio-medical imaging [14] [15] [16] [17] [18] and molecular imaging studies [19] [20] [21] . Most PAI applications have hitherto targeted hemoglobin in blood, notably in photoacoustic measurement of blood vessels [22] , photoacoustic early tumor detection [23] and label-free photoacoustic angiography [24] . However, quantitative and spatial characterization of lesion structure and statistics of vessel parameters have not yet been achieved for photoacoustic mapping of the full profile of human skin with high contrast and high resolution.
Our previous researches have demonstrated that photoacoustic (PA) microscopy allowed spatial visualization and quantification of cells, microvascular structures and tissues subcutaneously in animal models in vivo [24] [25] [26] [27] [28] . Thus, in this paper, we propose the use of photoacoustic dermoscopy for high-resolution imaging of human skin. With the absorption-sensitive image contrast from skin chromophores, PA dermoscopy has the potential to obtain noninvasive biopsy information on skin, which enables a meticulous understanding and diagnosis of pigmented lesions and vascular malformations in clinical skin disease detection.
Methods and materials
The schematic of the photoacoustic dermoscope is shown in Fig. 1(a) . A small-sized laser (Model HLX -I-F005, Horus Laser, France), operating at a wavelength of 532 nm with a pulse width of 1 ns and a repetition rate up to 5 KHz, is used as the excitation light source. The peak output pulse energy of the laser is 10 µJ. The laser is divided into two beams by a beam splitter. One beam passes through a continuously variable iris and a neutral density filter, and is used to normalize the energy of each pulse measured with a photodiode. Another beam is first collimated with an optical filtering and collimating system, and then reflected into an integrative photoacoustic probe by a two-dimensional (2D) galvanometer scanner (Model 6231H, Cambridge Technology). The photoacoustic signals generated in the tissue are recorded by a data-acquisition system (sampling rate 200 M samples/s) after amplification. Finally, photoacoustic maps can be reconstructed by using MATLAB 7.0 software with a modified back-projection algorithm.
The integrative PA probe is specially designed for in vivo human skin imaging. The structure of the integrative photoacoustic detector is shown in the bottom right-hand corner of Fig. 1(a) , which includes three parts: an objective lens, an ultrasound transducer and an inverted-triangle coupling cup. The laser beam is focused by the objective lens (a fieldflattening lens with 4 × magnification), and passed through the ring ultrasound transducer and the coupling cup onto the skin surface. The home-made ring ultrasound element, with a center frequency of 18 MHz, a −6 dB bandwidth of 50%, a focal length of 15.8 mm and a −6 dB beam diameter of 0.53 mm, has a 2 mm inner diameter and 2.6 mm outer diameter. The coupling cup is filled with deionized water that serves as the ultrasonic coupling medium. A transparent plastic film is fixed on the head of the coupling cup for penetration of light and sound. All three parts are mechanically connected and adjusted to allow the focus of the laser beam and sound field to just be over the surface of the transparent film. The schematic of photoacoustic scanning acquisition is shown in Fig. 1(b) . The focal spot is scanned point by point within the focused sound field, which improves the detection sensitivity. In the photoacoustic examination, the 2D scanning galvanometer is controlled by a computer synchronized with the pump laser (2 KHz). The light is scanned in raster mode along the x axis with a 2.5 μm step and a total of 200 steps for each cross-sectional image. Imaging size of one cross-sectional map is 0.5 × 1.5 mm 2 . At each sampling position, the photoacoustic signal is averaged for 10 traces; hence a frame transverse image requires 1 s. The energy density of the pulse laser on the skin surface is calculated to be ~15.9 mJ/cm 2 . When undergoing photoacoustic detection, patients need to remain still when the transparent part of the probe is placed adjacent to the skin. Studies and test procedures were approved by the Ethics Committee of South China Normal University. Informed consent was obtained from all patients or their legal guardian, and there were no reports of discomfort or painful heating during the procedure. 
Results

Resolution of the PA dermoscopy system
Lateral and axial resolution experiments were performed to verify the imaging capability of the PA dermoscopy system. Figure 2 (a) shows a maximum amplitude projection (MAP) PA image of the sharp edge of a bar. The edge-spread function (ESF) was calculated by taking the distribution of PA normalized function values along the white line in Fig. 2(a) . Taking the derivative of the ESF yielded the line-spread function (LSF), which is shown by a blue line in Fig. 2(b) . Hence, the lateral resolution of the PA dermoscopy system as defined by the full-width at half-maximum (FWHM) of the LSF was 3.98 µm, which was closed to the theoretical value. Actually, the lateral resolution will be decreased along with the increase of imaging depth. In order to measure the actual axial resolution, a sample consisted of two layers of red ink was imaged as Fig. 2(c) . The two layers of the sample were fixed in a small angle for a continuously variable distance, and consisted of polystyrene plastic and polyethylene film respectively. Figure 2(d) was reconstructed by the distribution of PA normalized function values along the blue line of Fig. 2(c) , where the two layers could be just distinguished. Thus, the axial resolution was estimated to be 31.5 µm. 
PA mapping of epidermal structure
The photoacoustic dermoscopy system was first tested for mapping of an epidermal structure. The same area of normal skin treated with gentian violet and exfoliating gel in turn, which was used to validate that PA dermoscopy can distinguish epidermal structures. The epidermis includes the stratum corneum (SC) and melanin layers (M). Gentian violet can stain the upper surface of skin and exfoliating gel can remove the stratum corneum. Figure 3(a) shows the PA map of the skin without treatment with gentian violet and exfoliating gel. Based on our knowledge of the epidermal structure, we presume that the PA map reveals the epidermal structure with its SC and M layers due to the different optical-absorption characteristics of those layers. Figure 3(b) shows the PA map of the gentian violet marking of the skin. After cleaning off the gentian violet, the same skin was treated with exfoliating gel, and then the PA map was obtained [see Fig. 3(c) ]. As can be seen, when the skin is smeared with gentian violet, the PA signal and thickness of the stratum corneum increased, while when exfoliating gel was applied the epidermal thickness decreased compared to that of untreated skin. Furthermore, the intensity of the melanin layer was enhanced after the stratum corneum was exfoliated because more light energy was absorbed by the melanin layer and converted to PA signal. This was further confirmed by the statistics, i.e., epidermal thickness and the intensity ratio of the melanin layer to the stratum corneum, as shown in Fig. 3(d) . The thickness was estimated by the distance between the two yellow dotted lines. The results demonstrate that the photoacoustic dermoscopy system was able to reveal the epidermal structures of human skin. 
PA mapping of skin with pigmentation and depigmentation
To further demonstrate the potential clinical applications of the photoacoustic dermoscopy system, we used it to investigate pigmentation and depigmentation in human skin. Figures 4(a) and 4(b) show PA images of pigmented skin and the surrounding normal skin from a facial pigmentation patient. The locations examined are shown in Fig. 4(g) . Compared to normal skin, PA imaging of pigmented skin revealed a significantly thick layer of melanin, which extended up to the skin surface, the intensity ratio of the melanin layer to the stratum corneum was doubled, as shown in Fig. 3(c) . However, the opposite situation was found from the PA images of depigmented skin and the surrounding normal skin, as shown in Figs. 4(d) and 4(e) . The PA signals of the epidermis and melanin almost could not found in the depigmented area [ Fig. 4(f) ] of the patient's face. These results demonstrate that PA dermoscopy can clearly distinguish the degree of pigment deposition in the epidermis. Therefore, by measuring the thickness of the epidermis and quantifying the amount of melanin, PA dermoscopy can provide spatial characterization and quantitative parameters (melanin layer thickness, pigment concentration) for analyzing pigmented skin lesions. 
PA mapping of port wine stain skin and normal skin
Finally, a comparison of normal and port wine stain (PWS) skin of one scarlet-lesion-type patient was investigated by PA dermoscopy. The detection area of the normal skin was adjacent to the lesion skin, as shown in Fig. 5(c) . Consecutive cross-sectional PA maps along the x axis of the PWS and normal skin regions are presented in Figs. 5(a) and 5(b). The epidermis is indicated by the dotted lines at the top of the maps. As shown in the PA maps, the skin has a well-described layered structure. The main light absorbers of the epidermis are the \stratum corneum and pigment layers, which were clearly discerned with PA dermoscopy (see Fig. 3 ). Below the epidermis, blood (hemoglobin) is the most important component for PA detection. The blood vessels within PWS lesion skin presented an intricate irregular pattern, which was much more pronounced than in normal skin. Moreover, the diameter and depth of the lesion blood vessels were several times greater than in normal skin. Most importantly, the thickness, diameter, and depth of the lesion vessels can be measured directly by using an in-house programmed software tool, with the results shown in Figs. 5(a) and 5(b). All of these characteristics of the observed blood vasculature in the present PA maps were consistent with previous PWS histological results [7, 8] . Abundant clinical evidence demonstrates that the cure rate of pulsed dye laser (PDL) and photodynamic therapy (PDT) for treating PWS depends on prior knowledge of the depth, size, and density of the lesion vessels, which guides selection of the appropriate treatment scheme. Consequently, a method that can vividly visualize the full lesion profile and simultaneously quantify the vessel parameters will be a useful tool for assessing the progression and extent of PWS development and effects of treatment. 
Discussion and conclusions
A microscopic imaging strategy is implemented in our PA systemem, and in this modality, imaging depth and imaging resolution are in conflict. Therefore, a low-magnification (4 × ) microscope objective lens is applied for laser excitation with a focus beam of ~5 µm, which ensures sufficient resolution to resolve the dilated lesion vessels from several tens of microns to a few hundred microns; meanwhile, the lens allows the relatively large number of photons scatter into the deeper tissues. The photoacoustic maps of PWS skin achieve about 1.5-mm-deep skin-tissue imaging with high contrast and high resolution, the range of which covers the vast majority of lesion areas for PWS patients. To the best of our knowledge, this is the first report that a noninvasive imaging technique provides enough imaging depth to resolve lesion vessels from epidermis to dermis with quantitative indexes. In addition, it is certain that enhancing the frequency of the ultrasonic transducer and improving the ultrasonic coupling efficiency would enable the discovery of finer structures and provide more comprehensive information.
In summary, a PA microscopy system was designed for noninvasive imaging of human skin. The PA dermoscopy modality has the requisite depth-imaging capability and is able to create volumetric vascular images with high contrast and high resolution that are label-free. Such an ability is useful in supplying more detailed information about skin structure and microcirculation. The promising results reported in this study show the potential application of PA dermoscopy in the diagnosis and therapy assessment of human skin diseases, including not only pigmentation but also other diseases such as PWS and skin cancers. In addition, PA dermoscopy may have a useful role in imaging the abnormal plexus of the dilated blood vessel layer located in the upper dermis, providing an ability to quantify the diameter, depth, and density of blood vessels, helping clinicians not only to quantitatively evaluate the pathological types and to determine appropriate treatment protocol; but also to monitor a treatment in real time and to quantitatively access the treatment outcome.
